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SUMMARY < < 627

The stability and control characteristics during low speed landing approaches
of various Ames large transport configurations were evaluated using the
Boeing 3v07-80 airplane and the Ames moving base analog simulator. This
report documents comparisons of the 367-80 and the moving base simulators

to the theoretically calculated characteristic responses of the large trans-

port configurations. For all maneuvers performed the simulation accuracy

was satisfactory. A ut No R
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INTRODUCTIOR

Large transport airplanes of the type capable of making shortfield landings
at 500,000 1b gross weight were evaluated using the Boeing 367-80 in-flight
dynamic simulator in conjunction with the Ames Moving Base Transport Simi-
lator, during late 1965 (7 September to 14 December). Stability and con-
trol characteristics in the landing approach were evaluated by NASA/Ames
pilots. The ground based simulation was used to investigate a large number
of configurations while the in-flight similation was used to substantiate

the results.

The purpose of this report is to describe and document the comfigurations
evaluated on the 367-80 and the ground-based simulators. The accuracy and
validity of the simulations are shown in Section VI where response charac-
teristics are presented in detail for basic or typical configurations.

Response characteristics of other important configurations are shown in

Sections VII, VIII and IX along with a tabulation of dynamic characteristics.

for all of the configurations evaluated. Section IX presents the response
characteristics of the Boeing 367-80 with boundary layer control, one of

the configurations evaluated. Section X compares the inflight and ground
based simulations of several configuratione, The documeniation maneuvers

performed to measure these characteristics are described in Appendix 6.

The Boeing 367-80 airplane (707 prototype) is shown in Fig. 1. Its des-
cription as a five-degree-of-freedom variable stability airplane for
in-flight dynamic simulation of a large transport airplane is detailed

in Reference 1. A description of the Ames moving base transport simu-

lation system is given in Appendix 5.
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VI. Documentation of the Basic Configuration

A, Airborne Simulation

The characteristics of the basic longitudinal configuration (desig-

nated 101A) and the basic lateral configuration (designated 1209)

for a large transport aircraft are presented in Figs. 2 to 21. The

maneuvers performed to determine the aerodynamic characteristic

are listed below along with brief comments on the agreement between

flight test data and theory. The theoretical characteristics shown

are derived in Appendix 4.

Longitudinal:
Maneuver

Pitch Rate Reversal

Column Step

Wind Up Turn

Speed Stability

Comments
Fig. 2. The 367-80 accurately similated the basic
101A configuration for a pitch rate reversal. An
example of how the data was obtained is shown in
Fig. 3.
Fig. k. A time lag is evident in the flight test time
history vhen compared to a theoretically calculated
colum step. This is probably caused by aerodynamic
and control surface lags which are not included in the
theory. The column step was usually reversed prema-
turely before the peak load factor was reached.
Figs. 5 & 6. The wind up turn flight test data agrees
quite well with theory when the data are shifted to
ellow for mis-trim during the flight test.
Fig. 7. The flight test data shows a slight mis-trim
but otherwise agrees quite well with theory for con-

figuration 101l1A.
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Phugoid

Pitch Attitude

Elevator Pulse

Fig. 8. The measured period of the phugoid agrees very
well with the theoretical while the measured damping
ratio is approximately 4O% of the theoretical value.
The damping ratio, however, is very difficult to measure

accurately since only one cycle of the phugoid was
recorded.

Fig. 9. Approximately 3 seconds are required for a

change in pitch attitude of 8 degrees.

Fig. 10. The 367-80 similated the elevator pulse of

the basic configuration accurately.
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Iateral:
Maneuver

Steady Roll Rate

Roll Rate Reversal

Yaw Rate Reversal

Steady Sideslip

Spiral Stability

20° Heading Change

Comments
Fig. 11. The Steady State roll rate characteristics of
the 367-80 were nonlinear whereas the theory is linear.
The maximum roll rate achieved in flight was somewhat
less than theory predicts. A sample of how the flight

test data was reduced is shown in Fig. 12.

Fig. 13. The 367-80 accurately simlated the basic 1209

configuration roll acceleration. Fig. 14 shows how the

flight data were reduced.

Fig. 15. The yaw acceleration was slightly larger than
predicted by the theory. Fig. 16 shows how flight data

were reduced.

Fig. 17. The 367-80 exhibited a iow lateral control

deflection to balance the sideslip angles generated,

Fig. 18. Theory gives the time to half amplitude as
18.3 seconds. Flight Test data indicated a time to

half amplitude on the order of 100 seconds.

Fig. 19. A 20° heading change was accomplished in
approximately 10.5 seconds. Opposite wheel is required

to stop the roll at the desired bank angle.
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9 Wheel Step Fig. 20. Flight test roll angle data lags behind the
six degree of freedom digital computer values for the
wheel step shown. This is probably due to the aerodyna-
mic and control surface lags which are not incorporated
into the digital computer program.

Wheel Pulse Fig. 21. TFlight test data shows a good correlation with
the theory for the basic 1209 configuration with the
exception of sideslip angle.

Rudder Pulse Fig. 22. Good correlation is evident with the exception

of sideslip angle at the first reversal.
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B.

Ground Based Simulation

The characteristics of a typical longitudinal configuration (G 100) and
lateral directional configuration (G1202A), are presented in Figs. 23
thru 36. The theoretical characteristics shown are derived using the
methods of Appendix 4. The parameters presented in thsse figures vere
used to validate the accuracy of the ground based simulation. Figs.

23 thru 36 indicate that the simulation was an accurate representation

of the desired configuratioms.
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VII.

LONGITUDIRAL CONFIGURATION

A.

Airborne Simulation

Eight variations of the basic longitudinal configuration are discussed
in this section. The documentation maneuvers performed with each
configuration are summarized in a single Figure or Table whenever
possible. They are eliminated entirely when the response does not
change significantly from that of the basic configuration. For the
purposes of evaluating and documenting the longitudinal mode the

lateral configuration was always the basic 1209.

Table 1 contains a summary of the longitudinal configurations eval-

uated on the Airborne Simalation. The numbers shown are thecoretical
values equivalent to the theoretical lines shown on the Figures. The
longitudinal aerodynamic coefficients used to obtain these character-

istics are listed in Appendix 1.
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A summary of pitch rate reversals for all configurations is shovn
in Fig. 37 normalized to the pitch control sensitivity of the basic
101A configuration. This curve shows some scatter in the data but

generally good agreement with the theoretical for all configurations.

Column steps are shown in Figs. 38 & 39 for two confijurations, 151B
and 151C, vhich point out changes in 1ift due to column deflection
when compared to the basic 101A configuration (Fig. 4). A lag

is apparent in the flight test data that does not show up in

the theoretical results. This could be due to an ssrodynamic lag
or a lag in the lift control (-foilors) vhich does not appear in

the theory.

The wind up turn date is shown for all configurations in Figs. ko

through 55 and matches the theoretical ealculations accurately.

Speed stability tests were performed and correlation with the
theoretical static characteristics was good. Results are shown

in Figs. 56 through 63.

A summary of phugoid characteristics for all configurations is shown
in Teabie 2. ‘The damping ratios were difficult to measure accurately
lincob only one cycle of the phugoid was recorded and they do not
compare accurately with the theoretical. The period, on the other

hand, was easily determined and agrees closely with theory.
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e MVEVEING orranv REV LTR

PHUGOID CHARACTERISTICS

CONF IGURATION PEROID (SEC) DAMPING RATIO

i Flight Test Theory Flight Test Theory
| -80B 40.9 46.5 .140 124k
? 100 36.6 36.9 .078 .1490
101A 36.0 36.9 .062 1490
| 105% 29.6 36.9 .058 1490
j 105A 30.0 36.9 .063 .1490
1518 26.2 36.9 .093 .1490
151C 3.2 36.9 070 .1i90
‘ 158a 35.8 37.8 202 1845
‘ 159A 40.8 b5 .128 | .2352
1618 3.3 55.5 -090 .3320

A pitch attitude change is shown for comfiguratiom 158A in Fig. 64.
Comparison with the basic 10lA configuration (Fig. 9) shows the effect

of changing lift with columm deflectiom.

Elevator pulses are shown in Figs. 65 thru 67 for three configurationms,
158A, 159A and 161B. Comparison ef these pulses with the 10lA config-

uratien (Fig. 10) and with one ancther shows the effect static stabil-

ity and pitch damping.
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NUMBER  D6-15000

REnt3 aafl”c COMPANY - ";‘Ex/ iTR

. B.

Ground Based Simulation

The longitudinal characteri,sticg of all the configurations evaluated
on the .ground baged simulator are presented in Teble 3. The longi-
tudinal aercdynamic coefficients used to obtain these characteristics
are listed in Appendix 1. "]he effect of elevator 1ift on pitch

response during a step column mansuver is shown for the basic config-

- uration in Fig. 23 (pageYk43). The response of configurations with

no elevator 1ift (Ls! = 0) and elevator 1ift opposite the basic
configuration (Lg = - basic value) are shown in Figs. 68 and 69 for
comparison. The :ffect of changes in static stability and damping
are presenteé. in Figs. 70, 71, and 72 for an elevator pulse. Thesge

are comparable to the typical response shown in Fig. 26 (page We). .
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BOEFING Dk

LATERAL CONFIGURATION CHARACTERISTICS

Airborne Simulation
The characteristics of the four lateral directional configurations
eveluated on the airborne similation which are differemnt from the

basic 1209 configuration are documented in this sectionm.

The responses to the documentation maneuvers are summarized or elim-
inated when there is negligible change from the basic configuratiom.
During all the lateral flight test documentation and evaluation the

longitudinal configuration was the basic 10lA configuration.

Table 4 contains a summary of the lateral directional configurations
evaluated on the Airborne Simulation. The lateral-directional aero-
dynamic coefficients used to obtain these characteristics are listed
in Appendix 1. A summary plot of the steady roll' rate maneuver is
shown in Fig. 73 for several configurations. The maximum steady
state roll rate available agrees farily well with the theoretical

value.

The roll rate reversal data is shown in Figs. T4 thru 77 for four
configurations. Comparison of these configuratioms with the basic,
1209 (Fig. 13), and vith each other shows the effect of roll comtrol
sensitivity (slope) and total roll control power (¢ max). The roll
control power available in flight test is generally lower than theory

predicts whereas the semsitivity is accurately predicted.

SHEET  VIII-102
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. OEING . ...... T

A 20° heading change is presented for configuration 1235 in Fig. 78.
The high roll damping of this configuration is evident when the time
history of the wheel activity is compared to that of the basic 1209

contiguration.(Fig. 19).

Table 5 shows the results of wheel steps.

TABLE 5
WHEEL STEP
CONFIG. @ ®, A3 A2 Sw, Sw,
12034 1.89 10.02 .23 1.76 75.6 1546
1207A 1.20 725 .16 1.00 75.6 75.6
1209 Left 2.10  11.3 .30 1.06  75.6 75.6
1209 Right 2.10 13.0 A4l 2.03 75.6 75.6
1235 1.90 8.95 .07 1.12 75.6 75.6
1237 1.40 9.1 Jd1 1.28 75.6 75.6
-80 BIC L.00 20.72 Tk 2.11 75.6 75.6
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. BOEING

B.

Ground Based Simlation

“o MEE2 D6=15600

-~

The lateral-directional characteristics of all the configurations

evaluated on the ground based similator are presented in Table 6.

The aerodynamic coefficients and augmentation system used to obtain
these characteristics are listed in Appendix 1.
aerodynamic characteristics which are equivalent to the basic values
vith augmentation are also presented. Figures 79, 80, and 81 present
roll response ¢l and ¢2 as a function of control power for the three
augmentation systems used (described in Appendix 1). The effect of

roll time constant (’ﬁa ) on roll response is presented in Fig. 82 for

a step wheel and Fig. 83 for step aileron.

Figs. 84 and 85 give roll

lateral-Directional

response for typical configurations with augmentations 2 and 3. A

typical roll response with augmentation 1 was presented in Fig. 36

(page157). Figure 86 presents roll response of a configuration with

lov available aileron rate (60 */sec).
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IX.

DOCUMENTATION OF THE 367-80 WITH BOUNDARY LAYFR CONTROL

The longitudinal and lateral characterisitcs of the 367-80 with Boundary
Layer Control (BLC) are documented in Figs. 87 “.. (&4. The dynamic char-
acteristics are included in Tebles 1 and 4 (pagegggganA¥%%). A descrip-

tion in terms of aerodynamic coefficients is given in Appendix 1.

The purpose of going to the BLC configuration was to create the large

roll control power required for evaluation. It should be noted, however,
that this configuration has many charactefistics other than roll control
pover which are different from the basic 1209 and 101A configuration. The
367-80 (BIC) should not be compared directly to the basic (1209) configur-
ation with the intent of isolating the effects of increased roll control

power.

Comments on the flight test and theoretical response to the documentation

maneuvers performed are listed below.

Longitudinal

Pitch Rate Reversal Fig. 87. The pitch control sensitivity is

accurately predicted by theory

Wind Up Turn . Figs. 83 & 89. Wind up turn data agrees quite

well with the theoretical calculation when the

data is shifted to allow for mis-trim.

Speed Stability Fig. 90. A mis-trim in the flight test data

is evident when compared to the theory.

Pitch Attitude Fig. 91. Approximately 3 seconds are required

for a pitch attitude change of 9 degrees.

Sl 48T
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Lateral

Steady Roll Rate

Roll Rate Reversal

Yaw Rate Reversal

Steady Sideslip

Spiral Stability

Wheel Step

Fig. 92. The theoretical and flight test data
agree for the steady roll rate.

Fig. 93. The theoretical roll acceleration
metches the flight test data for small wheel
deflections but non-linearity in the airplane
characteristic causes inaccuracies for wvheel
deflections greater than about 15°.

Fig. 94%. The yav rate reversal data agrees
fairly well with the theoretically calculated
line.

Fig. 95. The steady sideslip characteristics

of the 367-80 BIC configuration agree with theory.
Fig. 96. The theoretical time to half amplitude
in the spiral mode is 124 seconds. The

flight test time to half amplitude is 16.3
seconds.

Fig. 96A. The vheel step took approximately .35
seconds to maximm wheel. The sideslip angle wvas
smll in the first second and the roll angle

after one second was 3.8°.
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X. INFLIGHT - GROUND-BASED SIMULATOR COMPARISON

Dynamic characteristics of similar configurations evaluated on the ground

based and inflight simulators are presented herein. Figs. 97 and 98

‘ present vheel step and wheel pulse response characteristics comparing con-

figurations G1202A (ground based) and 1209 (inflight). These are similar
| configurations but the numbers are different because of changes in the
in-flight simulator parameters after program initiation. Response differ-
ences are due to the different initial response characteristics of the
in-flight simulation caused by control surface noniinearities and aero-
dynamic lags and a somevhat differently shaped roll comtrol imput. The
pilot was requested to input a step vheel. The control input shown was

the result. Response of these configurations to a rudder pulse is shown .

‘ : in Fig. 99.

Longitudinal respcnee characteristics are presented in Fig. 100 for an ele-

vator pulse and Fig. 101 for & column step comparing similar configurations.
Fig. 101 compares the dynamic characteristics of configurations G151C and
151B. These configurations have similar stability, elevator 1lift and con-
trol power and slightly different 1ift curve slope and 1ift due to pitch
rate (cLb). They have similar dynamic characteristics. The configurstion
mmbers are different because of changes in the in-flight simulator para-
meters after program initiation. The responses to a column step of three
configurations (101A, 151B, and 151C) evaluated on the inflight simulation
are shown in Fig. 102. This figure presents the effect of elevator lift
on longitudinal response. Fig. 103 presents the longitudinal response of
three configurations (GlOlA, G151B, G151C), evaluated on the ground based

simalator showing the effect of elevator lift.
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Figs. 104, 105, and 106 compare configurations 101A, 151B, and 151C with
G1l0lA, G151B, and G151C as evaluated on the inflight and ground based sim-
ulators. Response differences are due to changes in the characteristics
as listed in Table 1 and Table 3. Most of the increment in response shown
on these curves is due to the difference in elevator 1ift between the two

simlators for a given configuration number.
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APPENDIX 1
DESCRIPTION OF THE AMES LARGE TRANSPORT COMFIGURATIONS
A. Airborme Simuilator
A description of the basic Ames large transport configuration is given in

Table Al-1l and variations from the basic are shown in Table Al-2.
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TABLE RAI-]

Basic 101A Longitudinal Characteristics

Flight Condition

v
e
Gross Weight

C. G. Location

Airplane Constants

Wing Area
Wing Span
MAC

Lift Derivatives

117 Kte
500,000 1bs.

25% MAC

st 8q. ft.
215 ft.

28.75 fto

1.94
L.7°
6.2 /rad

-.537 /rad/sec
.613 /rad/sec

.835 /rad

1.07 /rad
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TABLE Al-1 (conT.)

Pitching Momsnt Derivatives

-d -200'( /M
cm;( -.555 /rad/sec

C_. -2.387/rad /sec

I!D
c -2.30 /red

nsy

Iy 30.0 x0® slug- T

longitudinal Dynamic Characteristics

Short Period
Damped Natural Freguency 645 rad/sec
Undamped Hatural Freugnency .907 rad/sec
Damping Ratio .703

Pugoid
Daxped Natural Frequency 2170  red/sec
Undamped Natural Fregquency 172 rad/sec
Damping Ratio .1h9
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NUMBER p6-15000

TABLE Al-) (conT.)

Basic 1209 lateral - Directional Characteristics

Side Force Derivatives

c, -.9773 [rad
~
CY:ﬁ .06 /read/sec
CN .1105 /rad/sec
Cy. -.07Th [rad/sec
~<
c .246h [rad
Yég
c -.0366  /rad
Yoy
Rolling Moment Derivatives
Coq -+1955 [red
Ced -.2ih2  /rad/sec
014, <1955 /rad/sec
%a 00229 /rad
c% -.00069  /rad/sec
%, 0975 /rad
IxB 17.5 r.lO6 sltu-!'rz

SHEET Al-k
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TABLE Al-1 (conT)

Yaving Momsnt Derivatives

c .218 /rad

e
cni, -0905 [rad/sec
cn\." -.2883 Jrad/sec
C,.. .036 /rad/sec

]

c -2 /rad

nsR
cms“Y -.0001 /rad
]’ZB 45.0 x10°  s1ug-FT?
1 .95 x10°  slug-Fr®

X,

Spiral Divergence

Time Constant v 26.5 sec

Time to Half Amplitude 18.3 sec

Roll Covergence

, Time Constant 1.14 sec
Dutch Roll
Damped Natural Frequency 479 rad/sec
Undamped Natural Frequency 508 rad/sec
Damping Ratio «329
1ol 1.33
|8l

SHEET Al=5
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A description of Boeing 367-80 with boundary layer control (used as a large
transport configuration) is shown in Table Al-3.
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TABLE Ri-3

367-80 BIC Longitudinal Characteristics

Flight Condition

v
e

Flap Angle
BPR
Gross Weight

C. G. Location

Speed Brake Trim Angle

Airplane Constants

Wing Area
Wing Span
MAC

Lift Derivatives

117 Kts

50°

4:1

150,000 1bs.

30% MAC
60

2621 sq. ft.
130.8 rt.
20.1 ft.

-.001875 /ft/sec

0183

ERUR 3 VN
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TABLE Al-3 (conT)

Pitching Moment Derivatives

C‘v -.0012 /£t/sec
cnd -1.197 /rad
cn& -.1283 /rad/sec
c_. -.5131 /rad/sec
Reo
c - 0812" /M
Mg
Iy 2.25 xlO6 slug- F'.l‘2

Longitudinal Dynamic Characteristics

Short Period
Damped Katural Fregquency  1.147 rad/sec
Undamped Natural Frequency 1.30 rad/sec
Damping Ratio .52k5

Phugoid
Damped Natural Frequency 1342 rad/sec
Undamped Natural Frequency .1352 rad/sec
Damping Ratio 12hh

SHEET A1-9
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TABLE A1-3 (conT.)

367-80 BLC lateral - Directional Characteristics

Side Force Derivatives

c)'é, 3376 /rad/sec
CN' .1035 /rad/sec
cy/,3 -.259 /rad/sec
.1 rad
cySR 992 /
c, 5, -.032 /rad
Rolling Moment Derivatives
Cep -.1951 /rad/sec
Cey .1407 /rad/sec
c 7P -.0268 /rad/sec
Cy g .0206 /rad
c .180 /rad
¥ 6 FI°
IXB 2.5TX 10° slug-
Yaving Moment Derivatives
cnd .0555 /rad
cn& -.0207 /rad/sec
C . -. 0677 /rad/sec
b 4
c_. .Olu8L /rad/sec
"4
-.0T77 /rad
DSR
SHEE! Al«10
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TABLE Al-3 (¢onT)

Yaving Moment Derivatives (cont 'a)

c .0125 rad

ngy /

IZB 573 xa0® slug-Fr
Ixza 0 slug-FT°

367-80 BIC Stability Augmentation System

SR -1.3
SR - .5
$a - .9
% 1.0

8a -1.2

Lateral nlnmc Characteristics

Spiral Divargince

Time Constant 180.0

Time to Half Amplitude 124.k4

Roll COnverggnce

Time Constant Non-linear

Time Constant

0.1

0.1

sec

sec

0

0

sec

sec

SHEET Al-11
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TABLE Al-3 (conT.)

Dutch Roll
Damped Natural Frequency .23 rad/sec
Undamped Matural Frequency 513 rad/sec
Damping Ratio .56h
L 468
j8\
SHEET A1-12
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Ground Based Simulation

Following is a description of the aerodynamic and physical character-

istics of the configurations evaluated on the ground based simulation.

The following information is inciuded:

B
b.
Ce

a.

Basic configuration description (Table Al-k4)
Longitudinal changes (Table Al-5)

lLateral Directional changes (Table Al-6)

lateral Directional Stability Augmentatiom

System (Table Al-T)

Equivalent coefficients (aerodynamic coefficients
equivalent to the basic configuration with augmentatiom)

(Table A1-8).
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. = (\91.SFT/SEC)
C\_&q Cig, VARIED
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Coen® £ - !
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WHERE * [3=[%]¢ --\P = .63 ¢ "')i/

BASIC GAINS

Srv - _ L
['ﬁ ] .3
[%’1] = - 2.07
oW1 - . ea
[
AUG. SYSTEM |

s —
[ga—] = .178
[%'V— = -1.00

AUG. SYSTEM 2

or
(5w ! o
[%‘i ] = -2.82
[&'m] = *50°
AUG. SYSTEM 3
Sr -
(5 1 = ©
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APPEDIX 2
BASIC 367-80 DESCRIPTION
The aerodynamic characteristics of the unaugmented 367-80 inflight simulator
are described in Table A2-1 and in Figures A2-1 thru A2-5. Characteristics
presented are those used in the control command equations presented in Ref. 1.
These equations are used to determine the control gains necessary to augment
the aerodynamic characteristice of the 367-80 to the proposed Ames large trans-

port configurations.

Figure A2-1 shows the pitching moment characteristics of the spoilers. The
calibration of the inboard to outboard spoilers is presented in Figure A2-2.
The 1ift and drag characteristics of the speed brakes are presented in Figures
A2-3 and A2-4. The pitching moment characteristics of the thrust reversers are

shown in Figure A2-5.

Several parameters varied during the test flights due to fuel consumption
The center of gravity of the 367-80 airplane varied from 29-31%. The weight
varied from approximately 172,000 lbs at take-off to 137,000 at touchdown.
The lateral directional moments of inertia vary 115 percent from the wvalues
shown in Table A2-1. The pitch moment of inertias varies %3.3 percent from

those presented in Table A2-1.

- i n - — - ———

SHEET A2-1
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TABLE A2-|

367-80_Longitudinal Characteristics

Flight Condition

v
e

Flap Angle
BPR

Gross Weight
C. G. Location

Speed Brake Trim Angle

Airplane Constants

Wing Area

Wing Span
MAC

Lift Derivatives

CiT’*‘ucp

CL

c

Log

Drag Derivatives

117 Kts

300

[

150,000 1bs.

30% MAC
6.

2821 sq. ft.
130.8 ft.

20.1 ft.

1.146
8.5°

5.45  /rad

.52 /rad

139

SHEET poo2
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TABLE A2-1 (CONT.)

Pitching Moment Derivatives

-1.11 /rad
L X4
Cy o -.272 /rad/sec
c_. -.710 /rad/sec
lg
C‘Sz -.975 /rad
Iy 2.25 x.'l.O6 slug- F'!‘2
Speed Brakes
c 1.11 /rad
Lssp
c See Fig. /rad
Bé3p

Longitudinal Dynamic Characteristics

Short Period
Damped Natural Fregquency 1.04 rad/sec
Undamped Natural Frequency 1l.b2 rad/sec
Damping Ratio .68

Phugoid
Damped Natural Frequency 157 rad/sec
Undamped Natural Frequency 2157 rad/sec
Damping Ratio .0906

SHEET A2-3
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TABLE A2-i (CONT)

367-80 lateral - Directional Characteristics

Side Force Derivatives

c -.838
M
C L4 QZIO
¢
cmp 0727
cyé o
Cc 211
YR
c -.0252
e
Rollg Moment Derivatives
C}Q '017“3
014 -.120
Cj' 0
8
c’sa .0149
C .06
L3
WH
6
1‘3 2,57 x10
Yawing Mowment Derivatives
-0909
neg
c_ . -.0179
o
; cn & -.107T1
i 4
L e -
Stitt o AQ=lt

/rad
/rad/sec

/rad/sec

/rad

[rad

[rad
/rad/sec

/rad/sec

/rad
[rad

slug -F'l'2

/rad
/rad/sec

/rad/sec

D6-15000
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TABLE A2-1 (CONT.)

Yaving Moment Derivatives (comnt'd)

C,. -.0T47 /rad
Q
Cn SR '.0'7)"9 / M
Cc .0030 /rad
BSwr
Ty 473 xa0® slug-FT°
].XZB .156 xlO6 5118-1'1’2
Lateral Dynamic Characteristics
Spiral Divergence
Time Constant 15.7 sec
Time to Half Amplitude 10.87 sec
Roll Convergence
Time Constant 1.04 sec :
Dutch Roll ‘
Damped Natural Frequency TT rad/sec
Undamped Natural Frequency T rad/sec
Damping Ratio .018
|
1.584 :
_— e —
SHEET A2-5
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APPENDIX 3

Typical control system force characteristics for the ground based and
airborne similationsare presented in Fig. A3-1, for column, wheel, and
rudder pedals. Wheel and Column forces were varied on the ground based
similation during the evaluations. These variations are listed in Tebles
3 and 6 of section VII and VIII. Forces were kept constant on the air-
borne similation. The pilots had the capability of varying column force

characteristics in flight, but little variation was noted.

SHEET A3-1



EIE IS SOEER PSS FEERI L

GALC |R. Reot z—z-“[ﬂ] REVISED | DATE CONTROL SYSTEM ORC FlIG A3l
1 ' CHARACLTERISTICS -

D6-1 5000

- PAGE

E THE BOEING COMPANY A3-2

i

TD 41 C-Re




| Lyt D6=15000
BOEING . .. . .

APPENDIX &

Derivation of Theory

The theoretical characteristics presented for the control pulses and steps

' were obtained from 6-degree-of-freedom digital computer programs. The
i theoretical equations involved can be found in Reference 2.

The theoretical characteristics of the documentation maneuvers performed

i other than the pulses and steps are derived on the following pages.

- SHEET Akl
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APPENDIX &

THEORETICAL CALCULATIONS

Speed Stability

_6+C
L Ly

=C, + C. 8% 4+C o +C

av + C §E
‘ol Lz L

Sg

[

and

cM-cMo + CM&AGC. + CM5°*C:4,~L°‘* c% MS‘EG

For the steady state case @ =a = O and equations (1) and (2) become

av 4+ C E

C, =C +C. at +C. aV+ C SE

L I..o Lw LU LSE
and

C.=C. +C, add +C, AV 4+ C SE.

M M Mg Mq M&s
Differentiating equation (3)

acCp =, _dst a SE

+ C.. C
W Py v+ L8y qv—

Rearranging terms in equation (5) gives

1
dou o [ch - ch 'CLS'E dd’EJ
av L LAV av

Differentiating equation (k)

O=C, da + C, + C adE
Ma =37 My M8 w—
Substituting equation (6) into equation (7) gives
0 =Cy ac, -Cy-Crgp FE 1+ Cyy+ Oy 48E
ch' av v av
oL
Solving for dSE in equation (8)
v
5 e?
d6E = C, C, =C -c, C
Mo Mg dV L
av ‘L%L s iy
Lo “SE " "MalLyy

(1)

(2)

(3)

(&)

(5)

(6)

(1)

(8)

(9)

SHEET Ak-2
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Speed Stability
The 1ift equation 1is
Lo= '21"? Vs CLO (20)
Differentiating equation (10)
0=19P8(C, 2vav+ vV ac,).
3 Io L
Solving this for 4 CL glves
' -9 ' A
dC, = -2C
L L. (11)
av v
Substituting equation (11) into equation (9)
2C
Io
dBE = cu, ch + Ce Mv Lot (12)
av Cra’ uﬁn ~ Ch CLSE
Substituting equation (11) into equation (6) gives
ax « =[-2 cl‘o - ch - CL8E g_;‘vlé] (13)
av c
I —vy—
Integrating equation (12) yields
T T c
S j a8 4. n,‘ b Mv ‘L u& o
® Noav <, Oy CM oy
) Tu M8k W 15 T Mqﬁ & %
BE = + 21, %My [nv T '
- A U; o (V-V,) (14)
MEe Lo w L8E 68 I‘do My LSg
1
6‘COI... ( 8E76 } SE
COL
: F
F = S
s
| ( coL )Scm‘
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Speed Stability

Integrating equation (13) yields

a8E

v v
-1 2¢ dv]
d,-;-g'ﬁ'— wa- T [_[ Lo dv + LCLV v+ fchgE‘w
o

Vo o

- 2c¢ C
Lo /8 Viy T v (- v,) - CLg 8E
CLda o albb E

SHEET Ab-l
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THRORETICAL CALCULATIORS
Wind Up Turn
C,=C. +C +C ©+C ,L+C, V+C (1)
A A . % ol A Lsy OB
and
C.=C_ +C +C O+C o+C_ V+C (2)
n L m, m, L) a n&sk
The increments from trim are

Ac ’c -c 800
m ) ) lo

For the steady state case ¥ = constant and of = O. Solving for the steady

state a SE in equation (2) gives
Cppastt Cpad

A8g =~ e (4)
mgg
and solving for Ao in equation (1) gives
Al = CL - ch - CL'QO ) CLSEA& (5)

CL*

Substituting equation (3) into equation (5)

(n-1)c, -cC  0-C
AL = Ly 1§ Leg OF (6)
S
Equations (4) and (6) can be combined with O = (n2 -1) g/v (chapter 9,
n
page 301, Reference 2) for a wind up turn to give
Q C, C -C_ ¢
a8p . T, Cn, TEEE Cop e O %) 8 (1)
™ - 1)
( C“se C"d- - CL;" CM‘
aSc = aAdE (&)
(m-1) (~-1)  F) (8)

e e




o

.. SVEING

L

M_tABER  D6=15000

¥ind Up Turn
Prom Equation 6
: |
! asL (+1)9 c
(m-1 = CLO - cx.é n v - L fnfl
C
L‘,"b ‘
or
CL !
(n - l) - l
' Ak C, =- C.. (o1 c |
: W Rl Y G (on s
. (n-1)
| |
| |
‘ ‘
|
Al-6
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THEORETICAL CALCULATIORS
Steadyv Sideslip

The yaving moment equation is

c = cno + cnpﬁ + cnfs{s + cn,-rli'+ c"i g+ 338353 + °ngm$wn (1)

The side force equation 1s

Cy = Cy + Cy i+ Cy R+ Cyz #+ G 4 + 56 S * Cys Srecy v (2)

The rolling moment equation 1is

C, =C, + é ' y "

« =% 43(3 + Cléﬁ + c’lﬂ g+ c“iu + c_,a,wné-'m + c"d'BSR (3)
For the steady state case equation (1), (2) and (3) become
and

ble
O= cypp + CYSRsa + cy" '] t?w“{nﬂw ()
O=Cy (3+C + (6)
‘ﬁ@ J“mé'wn QJ’R'S'R

Combining equations (4) and (6) yields

5n . S U5, * Yn Oy
@ E“SR q'é'wa-cnswa C""YR
and
Swm_ =Sy Cep * Cnp gy
€ E;GR ‘JWH - Cngm 678;

SHEET A4-T
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Steady Sideslip

From equation (2)

1l
Y R [c + C 8 & ]
—_— = C ——
e pt'e Sk g )
Suostituting C = CY’ in equation (6)
) 1

B Cp [CYP+ g %&]

SHEET ALh<8
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THEORETICAL CALCULATION

Stcady Roll Rate

The rolling moment equation is

I : ' & vH
Cy E§¢ Cop b +°z,,f3 +c,?‘d+c.‘.,\+ +c,.8m »,c,cs_R

For a steady state roll rate ¢ = 0, so equation (1) becomes

. : ) WH R
O-C‘/SA + CL/S/L + °¢¢¢+°11‘-7f + CLSHH; +C,_6_R3'

If the flight test maneuver to determine steady roll rate is performed

correctly then §; = [ = % =P = 0. The flight test data vas adjusted

to f£it these conditions so
‘ WH
Om Cg . p + C‘_ 5-
¢ ss ) VE
58S
Sw

- CLSWH

L)

i

R (1)5

(2)

SHEET Ak-9
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Roll Acceleration

The rolling moment equation is

qu

s0 eguation (1) becomes

Ixx ¢'-c,_s. & v .
Qsb WH

solving for p/
§vg

QM - C‘ gsb
SWVE 8wy Ixx

XX ¢'Czpp + Cegf +

THEORETICAL CALCULATION

‘ - &R (1)

Tae roll rate reversal data was measured at a point vhere ¢ wifm F 8 R‘P- 0

)

IO TR -ort | A VA

AD 48726
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THEORETICAL CALCULATIONS

Yaw Acceleration

The yawing moment equation is
+ C 5w

I . . 1
C =722 ~» = C + C . + C_ . +C.ds+c
T “PP TR P ¢ ) ngr BR* Cnguy

so equation (1) becomes

I
2z -2 = C SR
gqsb v N8R

solving for % /5R

¥/c = c _ -380
s R ngx Iz z
Multiplying equation (2) by the pedal to rudder gearing gives

2 =C - QE}L 8
V/SP nER Izz ( .

(1)

The roll rate reversal data was measured at a point where P =P-‘i’- ‘b'swn =0

SHEET aAk-11

AD 4872,

-

=000




1a

NUMBER D6-15000
e ATLTLEINES comrany REV LIR

r

THEORETICAL CALCULATIONS

Piceh Acceleration

The pitching moment equation 1is

I, = : ' | SE
C.mw 99 OQmC, AL +C,. @+ C,.oL + AV + C (1)
B "Cah "R Fiaih ¥ M5 g

The pitch acceleration vas measured at a point where A = Omo =dV¥ =0
s0 equation (1) becomes
o gsc
| TE MS'E vy
Multiplying equation (2) by the column to elevator gearing gives

= " -g;;— (1?'5:.)

ScoL
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APPENDIX 5

Ground Based Analog Simulation Description

The ground-based flight simulator used for these studies vas the Ames
Research Center, moving-base <transport simulator with a color TV visual
scene. The visual scene, projected to similate daylight flying, wvas
produced by the Ames Research Center landing-approach color image generator.
The simulation solved the six degree of freedom equations of motion of the
airplane and presented the solutions in cab motions, instrument readings,
and visual display changes. Linearized aerodynamic coefficients were used

in the equations of motion. The equations of motion are given in Table A5-l1.

The moving-base transport simulator utilized a transport-type (C-130) cadb
with conventional seating, instrumentation, and controls for two pilots.
The left hand seat was used for these tests. A hydraulic feel system
allowed for variation of the control system parameters. The instrument
panel included the following instruments:

l. Air-speed
2. Altitude

3. Rate of climdb

4., Angle of attack
5. Angle of sideslip
6. Turn and slip

T. Heading

8. Attitude

9. localizer and glide slope error.

SHEET A5-1
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TABLE AS5-|
Ground Based simulation Equations of Motion:

DRAG
Co=Coy-0.* Co o

V=m(Tu-¢SCo—Wsin Y)
V=\Wr=/Vdt + Wb (Mo = initial velocity)

xX=Xgo+/IVCOSY . cosy)dt (XO= initial distance

from runway

threshold
Ve =& V +VsusTt
_ Ve
¢ = ass
TN = T"b+ g% w ( TN0= initial net thrust for trim)
uU=vV—\b

PTICH
Cm= Cm% g +CmgX+Cmg-o+ Cmool + Cm&se.-l- Cmi, in

Iyy 25 = §SECm

%=/%'. dt

A5-2
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TABLE AS-1 (conr))

an=Cn5s 8s +*Cng, 8a+Cng, 8r+ Cnﬁ‘@m‘cnp (P)+Cnp ()

Inxems = Ixz (o) + ¢ SbC,
lezs - ¢ SCnb

P-/Pdt

r=/rdt

@-Prrazs

14 =r‘c.os¢+? SIN @

o @=/Pdt+dy (o= initial roll angle)
Y=/ vyt + ¥, (Y= 1initial yaw angle)
~ SIDE FORCE

Cy= Cyss5s +Cyg,p. 57 *Cv@_'ﬂ.,* CyeP)+Cy )+ Cygw5w
Qy = W (3 SCy+Wsn e + TE)

Bo = PS5 -r+%° ay |

Be = ./,épdt + fBo (Bo = initial sideslip angle)
B = B+ Boust

Sy = Sy + SV sin Y, dt ( S,_* initial lateral distance

from runway

A5-3

®  Ye=S& s -gsinp)dt
¥
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TABLE AS5-1 (cenT.)

ol /g + 57 388 dt (o= initial K for trim)

of = &p+gyst
=7+ xp
LIFT

CL.= CLQ‘:O +CLxd +CL5Q8Q +C\_1’Hil-l +CL‘U.& +CL9 ?

(CL_d_,O*'C._d_d limited to Cst.x. )
~@z = o (gSCL-Wcos $cosT)

T~ (@azcos @ +aysn P)
r-/ i'dt o ( 7> = initial flight path angle)
h= VsiN .
h=/hdt-h, (ho = 1initial altitude )
ROLL AND YAW
C=Cy,,~Cny, —?,—"— ( Cry 0a Cp, defined below)
o

Cn=Cr,, +Csy 573

Con =Co 555 +Cpy, 80 +Cyy 8T +C_lﬂ~ﬁw+cfp ®)+C,. (")

AS5-4
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The pilots outside view wvas limited to the visual TV scene by blocking out

all windows not directly in fromnt of him.

Motion of the cab was controlled by three linear hydraulic servo actuators.
These vere operated differentially or synchroniously for three degrees of
motion; roll, pitch, and heave (vertical). The actuators were controlled
in a closed loop fashion by the simulation. The roll axis of motion was
scaled down by a factor of two s0 that a similated roll angle of ten degrees
produced five degrees of cab roll motion. This resulted in less side accel- '
eration error apparent to the pilot in a steady turn due to gravity. The
pilot received the proper roll cues from the instruments and visual scene.

A tabulation of the moving-base transport simulator physical characteristics

is shown in Table A5-2.

The visual scene was produced by a closed circuit color television system
which utilized a scale contour map including roads, buildings and fields,
as well as the runwvay to wvhich the approaches were conducted. A color
television camera was positicned by electric servos and driven closed loop
by the simulation. The scope of the similated airplane movements was
limited only by the boundaries of the contour map. Descent through a cloud
layer wvas simulated by obliterating the picture to a pre-selected altitude.
The tabulated physical characteristics of the visual display system are

shown ip Teble A5-2.

SHEET A5-5
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TABLE A5-2

SYSTEM CAPABILITIES

Ames Moving-Base Transport Simulator

Motions Generated: Acceleration Displacement
Roll 1 Rad/Sec” + g°
Pitch 0.5 Rad/Sec> + 14°
- 6°
Heave (vertical) t+ 0.8¢g 24 inches
(from ambient)
Ames Landing-Approach Color Television Display
Motions Generated Velocity Dis placement
‘ Roll 0.35 Rad/Sec -
Pitch 0.52 Rad/Sec .
Yaw 0.17 Rad/Sec 360°
Lateral 240 Knots 2 1/2 miles
Vertical 6000 ft/min. 1500 ft.
to 20 ft.
Longitudinal 240 knots 9 miles
(runway length) -- 10,000 ft.

"

~ A5<6

(model scale 1:1200)
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APPENDIX 6

The following is a description of the documentation maneuvers performed by the

evaluation pilots:

Pitch Rate Reversal

Column Step

Wind Up Turn

Speed Stability

Phugoid p

Loggitudiml Maneuvers

The airplane was trimsed by the safety pilot before
engaging similation. After stabilizing in steady flight
pitch rate reversals were performed. The maneuver vas
initiated by applying a sharp column input, then quickly
applying a step column input in the opposite direction.
The column was stabilized, the airspeed held within 2
knots of trim, and the angle of attack held within 1° of |
trim vhen the pitch rate reversed.

From a stabilized flight condition, an aft column step
was applied with amplitude sufficient to give a 1.2g
maneuver. Recover was initiated after peak loed factor
was reached.

Wind up turns to 45° bank angle were performed, stab-
1lizing in 5° bank increments.

The safety pilot trimmed the airplane in level flight.
From initial trim the speed was increased and decreased
in 5 kts increments using elevator only.

The aispeed was decreased 10 kts from trim using elevator
only. The controls were released and the phugoid was
allowed to continue for two cycles. If the phugoid was
divergent the maneuver was repeated with an initial 5

knot decrease in airsﬁoed.

SHEET AG-l
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Pitch Attitude

Rlevator Pulse

Steady Roll Rate

! Roll Rate Reversal

Yaw Rate Reversal

Steady Sideslip

Spiral Stability

A precision pitch attitude change of 5° to 10° was per-
formed in minimmm time, using the flight director for
attitude reference.

The airplane wvas trimmed in the initial configuratiom
by the safety pilot before engaging simulation. The

column pulse was then applied from the computer.

Latexral Maneuvers

The airplane wvas stabilized in a steady turn and step
wheel inputs were applied.

The roll rate reversals were initiated by pulsing the
wvheel sharply, then applying the specified step vwheel
input in the opposi_te direction. When done properly
the vbeel. wvas stabllized and the sideslip angle was less
than 2° when the roll rate reversed.

After the safety pilot trimmed the airplane, the yaw
rate reversal was initiated by the evaluation pilot
with an 8° sharp rudder input followed by an opposite

rudder step input as required. Wwhen done properly the

| sideslip vas less than 2° and the rudder pedals were

stabilized wvhen the yaw rate reversed.

With the airplane in the trimmed condition the evalua-
tion pilot stabilized in a 10° sideslip, released the
cogtrols, and re-stabilized in level flight.

The configuration was stabilized in a 10° right turn and
the controls were released. Recovery wvas initiated vhen

the bank angle reached either 5° or 20°.

by 8% 4.
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20° Heading Change

Wheel Step

Wheel Pulse

Rudder Pulse

The evaluation pilot performed & 20° heading change in
minimum time.

With the airplane in level flight a full wheel step vas
appiisd rapidly wvith recovery initiated vhen the bank
angle reached 15°.

The airplane vas trimmed in the initial comnfiguration
by the safety pilot before engaging similation. The
wvheel pulse vas applied from the computer.

The airplane was trimmed in the initial configuration
by the safety pilot before engaging simulation. The

rudder pulse was applied from the computer.
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